Introduction
Genome variability has been the focus of many studies in recent years due to its relevance to the differential disease risk among individuals. One of the fundamental needs for the interpretation of the effects of genome variants is the understanding of the specific biological effect such variants have in the cell, which provides a handle to the biology of the disease or organismal phenotype. Genome-wide association studies (GWAS) [1] have demonstrated that the majority of such variants are found in non-coding regions of the genome and are therefore likely to be involved in gene regulation. The analysis of such variants in the context of gene expression measured in cells or tissues has spawned a big field in human genetics studying expression quantitative trait loci (eQTLs).
An eQTL is a locus that explains a fraction of the genetic variance of a gene expression phenotype. Standard eQTL analysis involves a direct association test between markers of genetic variation with gene expression levels typically measured in tens or hundreds of individuals. This association analysis can be performed proximally or distally to the gene. One of the major advantages of eQTL mapping using the GWAS approach is that it permits the identification of new functional loci without requiring any previous knowledge about specific cis or trans regulatory regions. Typically in the eQTL mapping literature, regulatory variants have been characterized as either cis or trans acting, reflecting the predicted nature of interactions and of course depending on the physical distance from the gene they regulate. In this review, conventionally, variants within 1 Mb (megabase) on either side of a gene's TSS were called cis (figure 1), while those at least 5 Mb downstream or upstream of the TSS or on a different chromosome were considered trans acting.
A number of studies have focused on eQTLs in model organisms, such as yeast [2, 3] , and this has provided a nice framework of basic knowledge that still informs studies in human populations.
Studies so far indicate that most of the regulatory control takes place locally, in the vicinity of genes [4] [5] [6] . Numerous genes were detected to have cis eQTLs (831 genes had a significant cis eQTL in a study performed by our laboratory on 270 lymphoblastoid cell lines derived from HapMap 2 individuals genotyped for 2.2. million common SNPs) [7] . As power increases with the availability of larger sample sizes, the number of genes detected to have eQTLs is also expected to increase. In fact, the recent use of transcriptome sequencing as well as the ability to correct for latent confounding factors has allowed a substantial increase in power bringing the numbers to thousands of eQTLs even from about 100 individuals [8, 9] . Finding trans eQTLs has been less successful so far, mainly because interrogating the whole-genome for potential regulatory effects is a daunting statistical and computational task. Whether the current enrichment of cis versus trans eQTLs reflects biological reality and is not just attributable to low power in trans is still under debate [10, 11] . However, recent studies have shown that when a reasonable sample size is tested hundreds to thousands of replicated trans eQTLs could be found, and they tend to be very tissue specific [12, 13] .
Population differentiation of gene expression
Several studies have analysed expression data in populations of different ancestry and revealed substantial differences at many loci. A study on 16 individuals of European and African descent estimated that 17 per cent of genes were differentially expressed between populations [14] .
Differences were found also between European and Asianderived populations for 1097 of 4197 genes tested [15] . Larger scale studies confirmed the initial estimates. The eQTL analysis on 270 individuals of the four worldwide HapMap II populations reported that 17-29% of loci have significant differences in mean expression levels between population pairs [7] . While some of these observations are due to environmental factors [16] , genetics plays an important role in shaping the observed differences (figure 2). Price et al. [17] provide evidence for population differentiation due to genetic effects using cell lines derived from an admixed African American population. They estimated a mean value of 0.2 and a median of 0.12 in the proportion of gene expression variation attributable to population differences. A large proportion of the genetically determined variation in gene expression across populations has been explained by different allele frequencies [15] , suggesting that regulatory mechanisms are probably not fundamentally different between populations. Finally, recent studies have shown that common regulatory effects are largely shared among populations [9] . 
Multiple-tissue studies
So far, the majority of human eQTL studies have been performed exclusively on blood-derived cells or cell lines. This relatively easily accessible cell-type has been very useful in understanding the genetics of gene expression and continues to be a great resource in other cohort studies. However, as gene expression signatures are cell-type specific [18] , the question arises whether regulatory control of expression is also cell-type-dependent. Estimates vary depending on the tissues being compared and the eQTL methods used, but generally, a significant tissue-specific component of cis regulation has been systematically reported. In a study comparing adipose and blood expression patterns in two Icelandic cohorts, 50 per cent of the cis eQTLs detected were shared [19] . A comparison of cortical tissue and LCL regulatory overlap in a European population showed barely any overlap, albeit this difference is probably exacerbated by the different microarray platforms used in the two experiments [20] . Another study comparing eQTLs from autopsy-derived cortical tissue and peripheral blood mononucleated cells found less than 50 per cent sharing [21] . A study comparing the regulatory landscape in three tissues (fibroblasts, LCLs and primary T cells) derived from the same set of 75 European individuals reported that 69 -80% of cis eQTLs are cell-type specific, augmenting thus the need to study multiple tissues to determine the full spectrum of regulatory variants [22] . Finally, recent studies with well-powered design, such as hundreds of individuals and twin structure have demonstrated that there is a rate of diminishing returns when sample size increases, arguing that there is significant tissue specificity but less than previously estimated and a tissuedependent effect size that can be detected when the study is well powered [13, 23] .
Relevance of expression tissue for disease
Documenting cell-type specific regulatory variation is very important from the disease perspective. Integrating expression data with GWAS results can be informative for discovering genes and pathways whose disruption probably causes disease [24 -26] . However, this is possible only when the tissue of expression is relevant to the interrogated complex trait [25] . eQTLs discovered in LCLs have helped explain GWAS associations with childhood asthma [27] and Crohn's disease [28] , two autoimmune inflammatory disorders. The adipose and blood cohorts analysed by Emilsson et al. had been assessed for various phenotypes too, including obesity relevant traits. Notably, 50 per cent of the cis signals were estimated as overlapping between the two cohorts, but a marked correlation with obesityrelated traits was only observed for gene expression measured in adipose tissue [19] . These observations certify the importance of integrating data from a relevant tissue when trying to interpret GWAS results using gene expression as an intermediate phenotype. An important caveat is that in several cases the same regulatory region and variant will be linked to one gene in one tissue and another gene in another tissue ( figure 3 ). This raises the potential that limited tissue interrogation will give misleading biological interpretations about the gene mediating the regulatory effect to increase disease risk. 
Promise of expression quantitative trait loci studies for disease genetics
Despite the impressive success of GWAS, there is a substantial gap between the susceptibility variants discovered and understanding how those respective loci contribute to disease. Frequently, such loci map to genomic regions of no apparent function (non-coding) or the genome's tight correlation structure (LD) does not permit firm conclusions about functional effects (i.e. which is the causal variant and the function of which gene does it affect). Under these circumstances, the need of incorporating additional information for interpreting GWAS results became apparent. The direct link between DNA polymorphisms (usually SNPs) and variable transcript levels along with the increasing role attributed to regulatory variation in shaping phenotypic differences nominated gene expression as an important mechanism underlying complex traits. Subsequently, we describe the main results obtained so far is support of this hypothesis.
Genome-wide association study snps can be strong expression quantitative trait loci
Comparing expression levels of individual genes between cases and controls may not be sufficiently powered to detect significant differences [31] and discriminating between causal and reactive expression changes would be a tough challenge. However, genetic markers simultaneously associated with disease status and eQTLs are very interesting: if one allele is more frequent in cases than controls and at the same time, it is causal for gene expression effects of a nearby gene, which is by itself important for the disease, then it is probable that causality can be established. identified a series of strongly correlated SNPs in a 200 kb region of chromosome 17q23 associated with childhood asthma. The association region contained 19 genes, none of which had an evident disease role. Expression analysis on lymphoblastoid cell lines derived from the same families showed that the most significant GWAS SNPs also explained approx. 29.5 per cent of the variance in transcript levels of one of those 19 genes, ORMDL3 (ORM1-like 3), now the best candidate for further functional studies. Expression data have helped interpret some of the association signals for Crohn's disease as well. Initial findings of a recent GWAS included multiple susceptibility loci mapping to a 1.25 Mb gene desert region on chromosome 5 [32] . eQTL data showed that one or more of these loci act as long-range cis regulators of PTGER4 ( prostaglandin E receptor 4), a gene 270 kb away from the associated region whose homologue has been implicated in phenotypes similar to Crohn's disease in the mouse [28] . Similar other examples for height [33] , systemic lupus erythematosus [34] , type I diabetes [35] or bipolar disorder [36] support the use of eQTL data in aiding the interpretation of GWAS results.
However, not all cases are so straightforward, as shown by the association of the SH2B1 (SH2B adaptor protein 1) locus to body mass index (BMI) [37] . In this case, a nonsynonymous genome-wide significant SNP in SH2B1 was associated also with differential expression of two other genes (EIF3C-eukaryotic translation initiation factor 3, subunit C and Tu translation elongation factor, mitochondrial (TUFM). Functional evidence from mice, where mutating a SH2B1 homologue leads to extreme obesity, strengthens the hypothesis that the missense SNP is the actual functional variant, which is in high LD with a different causal regulatory variant affecting EIF3C and TUFM expression. This is a typical example of a coincidental overlap of GWAS and eQTL results, which must be carefully distinguished from causal cases where both the GWAS SNP and the eQTL tag the same functional variant. Given the ubiquitous nature of regulatory variants [7] and hence the high probability of such coincidental overlaps, integrative methods pinpointing true causal regulatory effects are desirable [25] . Finally, a recent study has shown the value of integrating cis and trans eQTLs together with GWAS analysis to detect previously unknown determinants of disease, such as the KLF14 gene. Via eQTL analysis and by adding additional data from mice, it was inferred that KLF14 is a likely signal from fat to other diabetes-related tissues to induce insulin resistance [38] . Nevertheless, since many traits manifest themselves only in certain tissues, such methods are only informative if expression measurements from disease-relevant cell-types are compared.
Gene regulatory networks
The large-scale disease studies performed so far have uncovered multiple variants of low-effect sizes affecting multiple genes. This suggests that common forms of disease are most probably not the result of single gene changes with a single outcome, but rather the outcome of perturbations of gene networks which are affected by complex genetic and environmental interactions [39] . A simple view of a network component can be viewed as a cis effect that transmits its signal in trans essentially making the cis SNP a trans SNP as well (figure 4). The numerous genetic factors involved in disease predisposition appear randomly distributed across the genome, but the expectation is that they are functionally linked and that these functional interactions are useful in prioritizing disease genes [40] . DNA sequencing of tumour samples from pancreatic and brain cancer, respectively, provided supporting evidence for this principle by identifying candidate genes belonging largely to core pathways involved in tumorigenisis or tumour progression [41, 42] . Recently, analysis of gene regulatory networks has offered important insight into complex disease mechanisms. In a study integrating co-expression networks and genotypic data from an F2 intercross population, Chen et al. [24] identified a liver and adipose macrophage-enriched sub-network (MEMN) associated with metabolic syndrome relevant traits. Three genes in this network, lipoprotein lipase (Lpl), lactamase b (Lactb) and protein phosphatase 1-like (Ppm1l) were validated by gene knockouts as causal obesity genes, strengthening the association of MEMN to phenotypes characteristic to metabolic syndrome. A parallel study in humans identified a homologous transcriptional network constructed from adipose data, having substantial overlap with MEMN submodules and being enriched for genes involved in inflammatory and immune response [19] . Subsequent eQTL mapping identified cis-regulatory variants affecting specific genes in this network and the joint analysis of the strongest cis eQTLs revealed substantial enrichment for variants associated with obesity-related clinical traits. Classical genetic approaches would not be able to detect such variants with small individual effects. Identifying them as a group affecting gene networks which-when perturbed-result in a disease state, is in this case much better powered.
Conclusions and future directions
The emergence of eQTLs has transformed the field of human genetics by providing a comprehensive, easily accessible and interpretable molecular link between genetic variation and organismal phenotypes. Its use to bring better biological context in disease studies has motivated additional studies to expand the range of molecular phenotypes to be tested in large samples and multiple tissues leading to a new field of genetics and genomics of cellular phenotypes. This new direction is likely to transform not only the way we learn biology, especially in non-model organisms such as humans where experiments are not possible in whole organisms, but also the way we implement biomedical information to the medical setting and practice. The future sees large projects interrogating large numbers of tissues in large numbers of individuals, such as the Genotype -Tissue Expression project which is a major NIH initiative to sample large numbers of autopsy tissues from hundreds of individuals (http://commonfund.nih.gov/ GTEx/). In addition, recent sample collections in cohorts almost always include biological material such as blood and other accessible tissues so that eQTL and other expression analyses can be performed. The development of reference datasets for eQTLs and other molecular phenotype variants will largely strengthen the interpretation of personalized genomes and will provide a valuable framework for the biological understanding of phenotypic variability and disease risk.
